Abstract: Strain 9-003 was isolated from soil in the textile dying factory for its ability to assimilate disodium terephthalate (DT) as a carbon and energy source. Analysis of the base sequence of 16S ribosomal DNA allowed us to assign the bacterium to Rhodococcus sp., the strain reduced a total concentration of DT from 95.2 to 40.8 mM for 7 d, and showed highest degradation rate (1.0 mM/h) in pH 7.0 culture broth at 25ºC, 180 rpm. Oxygen uptake experiments with the resting cells showed the biodegradation process was aerobic. HPLC analysis of the culture broth revealed there was at least one intermediate-protocatechuic acid (PC) involved the microbial degradation process. Substrate spectrum indicated strain 9-003 assimilated DT, PC and p-hydroxybenzoic acid efficiently. The degradation path way of DT was discussed and we propose that DT was metabolized aerobically by Rhodococcus sp. 9-003 via PC.
Introduction
Poly (ethylene terephthalate) (PET) is one of the synthetic polymers that is widely used in the fiber industries for its good performance. However, a quantity of waste water containing a high concentration of disodium terephthalate (DT) is concomitantly generated during a weight loss process for improvement of their appearance and texture, during which they are heated with sodium hydroxide to hydrolyze the surface of the material [1] .
Currently, waste water is usually handled by activated sludge treatment which is well suited for the treatment of variety of chemical substances. Some synthetic organic compounds can be degraded by active sludge [2] . In recent years, the biological degradation of terephthalate has been of interest and ecofriendly processing of synthetic polymer in the fiber industry has been given much attention because of environmental pollution [3] . The effective use of discharged terephthalate and its derivates is also desired. Several microorganisms have demonstrated the ability to degrade DT. Comamonas testosteroni T-2 can grow in medium and produces inducible enzymes that catalyze DT into (1R, 2S)-dihydroxy-3,5-cyclohexadiene-1,4-dicarboxylic acid and protocatechuic acid (PC) [4] . Terephthalate assimilation probability by Rhodococcus spacus GM-14 was also mentioned [ 5 ] . The terephthalate 1,2-dioxygenase system was found in cell free extract of Delftia suruhatensis strain T 7 [ 6 ] . Recently, Phanerochaete chrysosporium was also reported to be able to degrade DT with its screened enzymes [7] . Moreover, during the DT degradation, PC was produced as an intermediate metabolite [8] [9] [10] [11] [12] [13] [14] [15] [16] .
In the present study, we embarked on research attempting to convert or degrade terephthalate biologically into innocuous material, and a novel terephthalate-assimilating bacterium, Rhodococcus sp. strain 9-003 was isolated and characterized. This strain could degrade DT efficiently and PC was suggested as one of intermediate of DT metabolites, the degradation path way was offered similar to that of C. testosteroni T-2.E
Materials and methods

Chemicals
DT was purchased from Tokyo Kasei Kogyo, Co., (Tokyo, Japan). PC was purchased from Wako Pure Chemical Industries, Co., (Tokyo, Japan). All the other reagents were analytical grade and used without further purification.
Screening and growth of DT degrading microorganisms
The stock cultures in our laboratory and soil samples acquired from a textile dyeing factory in Fukui, Japan
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were used as the source for the screening of DT degrading microorganisms. One platinum loop of stock culture slant or 0.5 ml of soil sample suspension were inoculated and cultured in 5 ml DT medium (per liter ; DT, 5.0 g ; NH4NO3, 5.0 g ; KH2PO4, 1.0 g ; MgSO4 7H2O, 0.5 g ; NaCl, 0.5 g ; Yeast extract, 0.2 g ; pH 7.0) in test tubes for 2 weeks at 30ºC reciprocally. This procedure was repeated twice for subculturing. Then, the culture medium was put on an agar plate which contained the same component as described above. After cultivation, the isolation and purification of colonies was performed on the fresh agar plate repeatedly.
Growth measurement
The cell growth in aqueous medium was monitored by a spectrophotometer (UV-2010, Hitachi Co., Tokyo, Japan) by measuring the optical density at 660 nm (O.D. 660 nm) with the medium as the reference.
Preparation of crude enzymes
Strain 9-003 was grown in 50 ml DT medium in a 500-ml flask on a rotary shaker, at 180 rpm, 25ºC. The cells were harvested at c.a. 1.0 of O.D. 660 nm, the supernatant was used as broth supernatant (fraction A) ; the precipitation was washed three times with 50 mM potassium phosphate buffer (pH 7.5), and resuspended in the same buffer, then it was equally divided into two parts. One part of the suspension was used as cell suspension (fraction B) ; the second part was disrupted with a sonic oscillation (UCD-200, Cosmo Bio Co., Tokyo, Japan) for 15 min, then sonicated solution was centrifuged at 10,000 rpm for 15 min at 4ºC. The supernatant was collected and used as cell free extract (fraction C). The precipitate was washed 3 times and suspended with the same buffer, and used as cell debris (fraction D).
Crude enzyme solution (2 ml) was incubated with 2 ml 50 mM potassium phosphate buffer (pH 7.5) containing 6 mM DT at 25ºC, 180 rpm for 2 h.
Analytical methods
HPLC was performed to determine the amounts of residual DT and PC in the broth and the reaction mixture. The sample was dissolved in 70% (v/v) methanol solution. HPLC was carried out with Cosmosil 5C18-AR-300 column (250 × 4 mm i.d. ; Nacalai Tesque, Kyoto, Japan) at 30ºC, the elution was at 0.5 ml/min with 70% methanol in 0.02 M phosphoric acid solution. The absorbance of the eluent was monitored at 254 nm. Integration was performed using a Hitachi D-2500 Reporting Integrator (Tokyo, Japan).
Oxygen consumption during DT degradation was measured with a galvanic cell-type oxygen electrode (Iijima Electric Industry Co., Tokyo, Japan). The reaction temperature was 25ºC, and all other operations and conditions were followed using the instruction manual given by the producer.
Protein concentration was determined by BCA method [17] with a BCA protein assay reagent (Techno Chemical Co., Japan) and bovine serum albumin as the standard.
Results and discussion
Isolation of DT degrading microorganisms
The screened microorganisms were cultivated in 2 ml medium in a test tube at 25ºC on a 180 rpm rotary shaker for 7 d. Some microorganisms were able to grow on DT medium among 500 stock cultures and 300 samples from soil and waste water. Eleven potent microorganisms were ultimately isolated and showed degradation rate from 23 % to 86 % (Fig. 1) . Strain 9-002, 9-003, 9-005, 9-006 and 9-007 showed higher assimilation capabilities. Fig. 2 shows time course of DT degradation by these strains. Only strains 9003 and 9007 degraded DT completely for 168 h incubation. Strain 9-003 was ultimately selected for further examination since it showed the fastest degradation rate on assimilation of DT.
Identification and characterization of strain 9-003
Strain 9-003 was morphologically and taxonomically identified by NCIMB Japan Co. Ltd (Shimizu, Japan). Table 1 shows the characteristics of strain 9-003. Bacterial identification based on ribosomal 16S DNA 500-bp sequence was simultaneously performed. The DNA sequencing indicated strain 9-003 was close matched with Rhodococcus globerulus, the percent difference between strain 9-003 and Rhodococcus globerulus was 0.20%. The phylogenetic relationships were analyzed by the neighbor-joining method, and the results also supported that strain 9-003 was near-perfect match of the Rhodococcus genus and globerulus species [18] [19] [20] . Analysis of gene sequence and phylogenetic relationships suggested strain 9-003 is a member of Rhodococcus sp.
Biodegradation of DT by Rhodococcus sp. 9-003
Time course of high concentration of DT degradation by Rhodococcus sp. 9-003 and cell growth in culture broth were investigated. As shown in Fig. 3 , strain 9-003 had nearly no lag period before growth start, and the cell growth (O.D. 660 nm) exceeded c.a. 1.0 after 24 h cultivation, which indicated cell growth was not inhibited by high concentration of DT. Degradation of DT reached 54.4 mM (57.1%) from initial concentration of 95.2 mM for 168 h by Rhodococcus sp. 9-003. Degradation accelerated between 24 h and 32 h, and the maximum degradation velocity was 1 mM/h. Therefore, the results indicate that the degradation rate of DT by Rhodococcus sp. 9-003 was faster than that those of previous reports [8, 9] . The degradation rate slowed down after 96 h, this fact is probably related to the formation of intermediate degraded products and the temporary accumulation in culture medium under high concentration of DT [21, 22] . Furthermore, the increasing in pH during the biodegradation can cause an inhibitory effect [2] , and after maintaining the pH at 7.5 using phosphate potassium Table 1 Characteristics of strain 9-003. buffer with low concentration of DT, complete degradation can be observed. When the culture broth was analyzed on HPLC, two major peaks appeared at 6.7 and 7.0 min respectively (Fig. 4A) . One peak at 7.0 min was DT, another peak was identified as PC by HPLC after performing the examination with adding authentic PC as an internal standard (Fig. 4B) , because they showed same retention time at 6.7 min. This result also supported that PC was generally accepted intermediate during biodegradation of aromatic compounds [8] [9] [10] [11] [12] [13] [14] [15] [16] . The result inferred that DT was likely degraded into cleavage compounds via PC by Rhodococcus sp. 9-003.
DT degradation with resting cells of strain 9-003 was also carried out and the preparation of resting cells was in the same manner for cell suspension as described in Materials and Methods section. The resting cells of Rhodococcus sp. 9-003 degraded 22 mM (91.7%) of DT from the initial concentration of 24 mM for 72 h at pH 7.5 in 50 mM potassium phosphate buffer, and after 120 h incubation, DT was degraded completely. In addition, we investigated the oxygen consumption during DT degradation by resting cell. Resting cells did not show any oxygen consumption in 50 mM potassium phosphate buffer solution without DT (Fig. 5A) . However, in the presence of 2 mM DT, they consumed dissolved oxygen rapidly (Fig. 5B) . These results show that the degradation process is aerobic and DT was degraded and utilized by several oxygenases. The biodegradation rate of DT on the basis of oxygen consumption was estimated to be 14.2%.
Substrate specificity
Various aromatic compounds were used as sole carbon source to evaluate the specific degradation activity of Rhodococcus sp. 9-003. The degradation was performed in 4 ml of DT medium except for the indicated substrate at 25ºC, 180 rpm for 7 d in test tubes, the growth rate was used to indicate the activity against the various substrates by measuring O.D. 660 nm, the substrate spectrum of strain 9-003 includes mono-, di-as well as tri-substituted aromatic compounds, as showed in Table 2 . Protocatechuic acid was the best substrate, then followed by p-hydroxybenzoic acid and DT, namely, protocatechuic acid and p-hydroxybenzoic acid were metabolized more easily by Rhodococcus sp. 9-003 than that of DT, and this also supports that PC may be one of the metabolic intermediates that can be degraded rapidly during the biodegradation process [8] [9] [10] [11] [12] [13] [14] [15] .
Distribution of DT degrading enzyme
To investigate distribution of DT degrading enzyme, Table 2 Growth of Rhodococcus sp. 9-003 on various substrates. various crude enzyme fractions were prepared and DT degradation activities were measured. Cell suspension (fraction B) exhibited the highest activity on degradation of DT (Fig. 6 ). Aromatic compounds degrading enzyme were often found in cell free extract [4, 5, 23, 24] . In contrast, cell free extract of Rhodococcus sp. 9-003 (fraction C) showed low DT degradation activity. These results suggest that DT degradation enzyme might be a unstable membrane bound enzyme and lost its activity rapidly [25] in cell disruption process. Further works are in progress to isolate and purify the DT degrading enzyme.
In conclusion, DT-utilizing bacteria strain 9-003 was screened and identified as Rhodococcus sp. The degradation path way of DT was also suggested as an aerobic ring-cleavage via PC as intermediate. Rhodococcus sp. could be used for utilization of DT from fiber weight loss processing.
